Hormonal effects on behaviours in animals and humans are now well enough understood for general statements about causal steps to be proposed. Facilitation or repression of a given behaviour by a given hormone can depend on the person's genetic and developmental history, on the temporal and spatial parameters of the hormone's administration, on the hormone's metabolism and on the specific receptor isoform available in a given neuron. The gene for oestrogen receptor-alpha is required for an entire chain of behaviours essential for reproduction, from courtship through maternal behaviours. In order to show that it is possible to use endocrine tools to explain a mammalian behaviour, we analysed lordosis behaviour neuronal circuitry as well as the molecular mechanisms of its facilitation by oestrogens. The functional genomics of oestrogenic effects on lordosis arrange themselves in modules for neuronal Growth, Amplification (by progestins), Preparatory behaviours, Permissive actions by hypothalamic neurons, and Synchronization of mating behaviour with ovulation (GAPPS). A related four-gene micronet involving the amygdala and the paraventricular nucleus of the hypothalamus supports social recognition. Underlying all sociosexual behaviour is the fundamental arousal of brain and behaviour. Elementary arousal depends on a bilateral, bidirectional system universal among mammalian brains, and it can be altered by null deletion of the gene for oestrogen receptor-alpha. Future molecular and biophysical studies will specify how hormone effects in the brain change central nervous system state in such a manner as to alter the frequencies of entire sets of behavioural responses.
Introduction
Given the complexity of the mammalian central nervous system (CNS), it has not been surprising that discoveries of detailed mechanisms for mammalian behaviours are difficult to achieve. Whether seeking biophysical or genetic explanations of biologically regulated behaviours in experimental animals or in humans, neurobiologists have, for the most part, been at a loss to meld the overwhelming load of facts about neurons and circuits into integrated theories of how the CNS operates. Hormone-driven behaviours offer an exception to this miserable state of affairs. The strategic advantages of being able to 'triangulate' upon behaviourally relevant neuronal mechanisms by the use of molecular endocrine techniques (in addition to the usual determination of adequate stimulus, permissive environment, etc.) have permitted a remarkably detailed accounting of mechanisms for certain reproductive behaviours.
Therefore, in the first section below, I summarize general statements about broad principles applying to all hormone/behaviour relations. Secondly, I review the best worked-out mechanisms for an individual hormonedriven behaviour. These prove that it is indeed possible to analyse the neural, hormonal and genomic steps involved in producing a mammalian behaviour. Emboldened by success in this endeavour, we have begun to deepen the level of enquiry by reasoning from sex behaviours themselves, to their underlying motivational states, and in turn to the fundamental arousal of the CNS which underlies all behaviours. Finally, I speculate about the likely next steps to be taken in this type of neuroendocrinology.
general principles from this body of work , and I summarize them here in their most abstract form.
First and most important, it is clear that hormones can both facilitate and repress behavioural responses in a strong and reliable manner. One hormone can have many behavioural effects. Conversely, combinations of hormones can be important for influencing an individual behaviour. Finally, it may be a hormone's metabolites which actually constitute the behaviourally active compounds.
In terms of a person's history Hormone effects on a given behaviour can depend on family background, the subject's gender and certain developmental events, especially those occurring during critical periods such as the perinatal period or puberty.
Temporal parameters First, duration of hormone exposure can make a big difference. In some cases, longer is better. In other cases, brief pulses are optimal for behavioural effects. Secondly, hormonal secretions and behavioural responses to them are affected by biological clocks.
Spatial parameters
We now know that the effects of a given hormone can be widespread across the body. In some cases, it has been demonstrated that central effects are consonant with peripheral effects to form coordinated, unified mechanisms. Within the CNS, hormones can act at all levels of the neuraxis to exert behavioural effects. The nature of the behavioural effect depends on the site of action.
Genomic mechanisms Studies of mechanisms of hormone effects on behaviour have turned up some surprises. For example, in responsive neurons, rapid hormone effects can facilitate later genomic actions. Furthermore, gene duplication products and splicing products for hormone receptors in the CNS often have different behavioural effects. In all cases, both hormone release and hormone effect on a given behaviour depend upon environmental context. Evolution Finally, in terms of general statements about hormone/behaviour relations, I note that a large portion of neuroendocrine mechanisms have been conserved as we move from the animal brain into the human brain. As an extension of this statement, it has been argued (Pfaff 1999 , Ch 8) that we now understand the essential mechanisms underlying the most primitive form of libido. Consequently, a comprehensive neurochemistry of human sexual function is being developed (Meston & Frohlich 2000) .
Proof that hormone-driven behavioural mechanisms can be demonstrated
In light of the complexity of the mammalian CNS, is it possible to spell out the mechanisms, neuronal and genetic, for any mammalian behaviour? Yes, with all of the strategic advantages offered by the application of endocrine biochemistry, physiology and molecular endocrine techniques to brain research, we have been able to demonstrate exactly how a simple sex behaviour works.
The primary sex behaviour of female quadrupeds, lordosis, is known to depend on the actions of oestrogens followed by progestins (E plus P) in cells within defined neuronal groups in the hypothalamus and midbrain. The neural circuit for lordosis behaviour has been worked out thoroughly (Pfaff 1980) . Oestrogen-dependent transcription in ventromedial hypothalamic (VMH) cells allows permissive signals to the midbrain central grey, thus enabling the rest of the circuit to operate (Pfaff 1999) .
More generally, an entire chain of behaviours necessary for reproduction depends on the gene product coding for oestrogen receptor-alpha (ER-alpha). Courtship behaviours involve a great amount of locomotion, which is highly sensitive to circulating oestrogens. The effects of oestrogen on running behaviour are abolished by null mutations of ER-alpha but are not affected by null mutations of ER-beta (Ogawa et al. 2003) . Then, in addition to being essential for lordosis behaviour itself, the ER-alpha gene is necessary for normal maternal behaviour (Ogawa et al. 1998) . Although the evidence is conclusive that a normal ER-alpha gene is needed for a proper sequence of behaviours related to reproduction, we still do not know to what extent these genomic effects are developmental.
The functional genomics of oestrogen-responsive genes provide a theoretical paradigm for linking genes to neural circuits to behaviour. I have proposed (Mong & Pfaff 2004 , upon which paper this section depends) that oestrogen-induced genes are organized in the following modules: growth of hypothalamic neurons; amplification of the oestrogen effect by progesterone; preparative behaviours; permissive actions on sex behaviour circuitry; and synchronization of mating behaviour with ovulation (GAPPS). These modules, described below in capsule form, represent mechanistic routes for CNS management of successful reproduction.
Growth effects in neurons, long before lordosis behaviour is displayed
Growth promotion by oestrogens in VMH neurons, in female rats, follows from the stimulation of synthesis of ribosomal RNA, which precedes the elaboration of dendrites and synapses on VMH neurons observed after hormonal treatment. The earliest oestrogen effect is the increase of transcription of ribosomal RNA (Jones et al. 1990) , followed rapidly by morphological effects, including those in the nucleolus itself (Cohen et al. 1984 ) and a striking elaboration of rough endoplasmic reticulum in the cytoplasm (Cohen & Pfaff 1981) . Catherine Woolley (Woolley & Cohen 2002) and her colleagues have shown, probably consequent to the phenomena above, a stimulatory effect of oestrogen treatment on dendritic growth. In the female rat hypothalamus, Frankfurt (1994) and Flanagan (Flanagan-Cato 2000 , Flanagan-Cato et al. 2001 have reported that oestrogens foster dendritic growth and an increased number of synapses (Carrer & Aoki 1982) . Therefore, in VMH cells which control lordosis behaviour circuitry, oestrogens apparently provide the structural basis for increased synaptic activity and, therefore, greater sex-behaviour-facilitating output.
Amplification by progesterone
Administration of progesterone 24 or 48 h after oestrogen priming greatly amplifies the effect of oestrogen on mating behaviour. This effect requires the nuclear progesterone receptor (PR), as it disappears after antisense DNA against PR mRNA has been administered onto VMH neurons (Pollio et al. 1993 , Ogawa et al. 1994 , Mani et al. 1994 . It also disappears in PR knockout mice (Lydon et al. 1995) . Since PR itself is a transcription factor, its induction by oestrogen might imply that certain downstream genes would, consequently, be upregulated. With molecular probes directed to specific genes, studied primarily in female rats, several transcripts have been revealed as upregulated by progesterone (see Mong & Pfaff 2004 , for references).
Preparations for mating by preceding behaviours
Analgesia The enkephalin gene is turned on rapidly in female hypothalamic neurons by oestrogens (Romano et al. 1988 , Priest et al. 1995 , Zhu et al. 2001 , within about 30 min, and this is proven by in vitro transcription assays to represent a hormone-facilitated transcriptional facilitation (Vasudevan et al. 2001a) . The route of action of the enkephalin gene product upon lordosis would theoretically be indirect, through other behaviours. We propose that, through the reduction of pain, enkephalins help to allow the female to engage in mating behaviour despite the mauling she receives from the male. The strong somatosensory and interoceptive stimuli which ordinarily would be treated by the female as noxious are now tolerable and allow successful mating to proceed (Bodnar et al. 2002) . Hypothetically, the ability of oestrogens to turn on genes for opioid receptors as well (Quinones-Jenab et al. 1997) has the potential to multiply the hormone's effect on mating behaviour sequences. Specificity among opioid receptors, as well as neuroanatomical site specificity, is observed in this course of action (Pfaus & Gorzalka 1987a ,b, Pfaus & Pfaff 1992 , Acosta-Martinez & Etgen 2002 . The indirect route of action of this multiplicative set of gene inductions allows the female to participate in reproductive behaviour sequences.
Anxiety reduction
The oxytocin gene and the gene for its receptor are both expressed by hypothalamic neurons at higher levels in the presence of oestrogens. The indirect route of action of this multiplicative set of gene inductions on mating behaviour is probably through a behavioural link: anxiety reduction allows courtship and mating. This proposal is consistent with previous formulations: oxytocin has been conceived as protecting instinctive behaviours connected with reproduction, maternity and other social behaviours from the disruptive effects of stress (McCarthy et al. 1991) . Indeed, oxytocin has an anxiolytic action in the presence of oestrogens (which presumably elevate the oxytocin receptor gene product) (McCarthy et al. 1996) .
Social recognition and aggression
The induction of the oxytocin gene by oestrogens is an ER-dependent (Nomura et al. 2002a) , behaviourally significant (Krezel et al. 2001) phenomenon. This makes sense, since only ER-gene expression is found in oxytocinergic cells (Shughrue et al. 1997) . In turn, oxytocinergic projections to the amygdala are thought to be important for social recognition in mice, which helps to prevent aggression (Insel & Young 2000 , Ferguson et al. 2001 . Thus, the lack of social recognition by ER-knockout mice (Choleris et al. 2003) could explain the hyperaggressiveness displayed by ER-knockout male mice (Nomura et al. 2002b) . From these data and inferences, we proposed a four-gene micronet supporting social recognition in the service of reproduction (Choleris et al. 2003) .
Permissive actions by hypothalamic neurons for the rest of the lordosis circuit to operate
Noradrenergic (NA) -1b receptors are induced (Etgen 2002) by oestrogen treatment in female rats, in VMH neurons which govern the rest of the lordosis behaviour circuit (Kow et al. 1992) . NA ascending afferents synapse on VMH neurons, coming in from the ventral NA bundle, which originates in arousal-related neuronal groups A1 and A2, and signals heightened arousal upon stimulation from the male. In biophysical studies, directly applied NA increases the electrical activity of VMH neurons (Kow et al. 1992) . Beginning with either Gq or G11 proteins activating phospholipase C, NA action will produce both diacylglycerol, a PKC activator, and inositol-3-phosphate, which mobilizes intracellular calcium. This signal transduction route is predicted to lead to L-type calcium channel opening, as in the heart, but this needs to be established. The induction of alpha-1b receptors by oestrogen treatment is consistent with the greater electrophysiological effectiveness of NA following oestrogen. Since these VMH neurons are at the top of the lordosis behaviour circuit, the NA effect should foster reproductive behaviour and is known to do so.
Muscarinic receptors responding to the neurotransmitter acetylcholine are also expressed in VMH neurons (Kow et al. 1995) . Oestrogen treatment increases their activities, as determined electrophysiologically. Inputs to VMH neurons come from, among other places, the lateral dorsal nucleus of the tegmentum. Neurons there are part of the ascending arousal pathways, and would signal stimulation from the male upon mounting the female. We note that the apparent redundancy between ascending NA and muscarinic cholinergic afferents to the hypothalamus helps to guarantee that the system will not fail, thus exemplifying a design characteristic prominent in brainstem arousal system neurobiology. In any case, inducing muscarinic receptors increases the VMH cellular electrophysiological response to acetylcholine. The enhanced VMH neuronal output subsequent to the cholinergic action primes lower pathways in the circuit for lordosis behaviour (Menard & Dohanich 1990 ).
Synchrony of mating behaviour with ovulation
Gonadotrophin-releasing hormone (GnRH) The physiological importance of oestrogenic elevation of gonadotrophin-releasing hormone (GnRH) and luteinizing hormone-releasing hormone (LHRH) mRNA levels under positive feedback conditions -as well as elevation of the receptor mRNA for GnRH -would be to synchronize reproductive behaviour with the ovulatory surge of luteinizing hormone (LH). The same GnRH decapeptide which stimulates the ovulatory release of gonadotropins also facilitates mating behaviour (Moss & McCann 1973 , Pfaff 1973 ). In many small animals, synchrony of sex behaviour with ovulation would be biologically adaptive because it eliminates unnecessary exposure to predation. In this respect, the behavioural effect of this neuropeptide is consonant with its peripheral physiological action.
GnRH also brings up the unusual case of an individual gene causally related to a human social behaviour. During development in vertebrates ranging from fish to man, GnRH neurons migrate from their birthplace in the olfactory placode into the brain . A human with damage at the Kallmann's syndrome (MacColl et al. 2002) locus on the X chromosome did not fail to express the GnRH gene in the appropriate neurons. Instead, the neurons failed to migrate out of the olfactory placode . A single gene for the Kall protein (Legouis et al. 1991 , Ballabio & Camerino 1992 accounts for the deficit. It is the gene for an extracellular matrix protein which is necessary for GnRH neuronal migration, and which, in fact, decorates the migration route (Dellovade et al. 2003) . A striking feature of the phenotype in men is important to note: they have no libido. Here is the causal route. The men have no sexual drive, because they have little testosterone, because they have little LH and follicle-stimulating hormone (FSH) circulating from the pituitary gland, because no GnRH is coming down the portal circulation to the pituitary from the hypothalamus, because there is no GnRH in the hypothalamus, because the GnRH neurons did not migrate during development into the brain, because of a mutation in the gene for the Kall protein. Therefore, we can causally connect, step-by-step, an individual gene to an important human social behaviour, but at least six causal links are required. This causal route illustrates the complexity of gene/behaviour relationships in humans.
Summary
From this series of individual gene inductions by oestrogens acting in the basal forebrain, and the recounting (above) of downstream genes and their physiological routes of action, there emerges a theoretical molecular 'formula' (GAPPS) which appears to account for some of the causal relations between sex hormones and female sex behaviours (Mong & Pfaff, 2004) . First, there is a hormone-dependent growth response, which permits hormone-facilitated, behaviour-directing hypothalamic neurons a greater range of input/output connections and, thus, physiological power. Secondly, progesterone can amplify the oestrogen effect, in part through the downstream genes listed above. Then, through indirect behavioural means -the reduction of anxiety and a partial analgesia -the female as an organism is prepared for engaging in reproductive behaviour sequences. Here the genes for oxytocin (and its receptor) as well as the genes for the opioid peptide enkephalin (and its receptors) are important. Next, neurotransmitter receptor induction by oestradiol permits the neural circuit for lordosis behaviour to be activated. The noradrenaline -1b receptor and the muscarinic acetylcholine receptors are key here, in the ventromedial nucleus of the hypothalamus. Finally, induction of the decapeptide which triggers ovulation, GnRH, as well as its cognate receptor acts to synchronize mating behaviour with ovulation in a biologically adaptive fashion.
Reasoning from individual behaviours to underlying motivational and arousal states
The explanation of lordosis, summarized in the references above, proved that it is possible to delineate the mechanisms for a mammalian behaviour -a social behaviour at that. However, lordosis is just an individual behaviour and hardly represents a public health problem. The following reasoning led from lordosis behaviour to a deeper set of problems which are connected to a host of medical and public health concerns. The ability of sex hormones to facilitate mating behaviours, when all other experimental conditions are held constant, is proof positive that these hormones elevate sexual motivation (Bodnar et al. 2002) . The literature on the theory and experimental analysis of motivation, human and animal, shows that all motivational states are divided into two parts: specific motivations (in our case, affiliative and sexual) and the generalized activation of brain and behaviour. This latter concept usually is called 'arousal'. That is, to pursue an analogy with physics, if behaviour were represented as a vector, the incentive would control the angle of the vector, but the level of arousal would determine the amplitude (the length) of the vector.
Therefore, the well-developed neuroendocrine literature on sex behaviour, sexual motivation and sexual arousal can be used as a launching platform for attacking the mechanisms of the deeper neurobiological concept of the arousal of brain and behaviour. Conversely, understanding hormonal and other determinants of arousal will reveal the deepest, most primitive means by which steroids influence specific, biologically adaptive behaviours.
We have used a mathematical/statistical approach to show that a generalized ('global') arousal function affects behaviours in mice (Frohlich et al. 2001 (Frohlich et al. , 2002 . Then, in order to move beyond an historical false dichotomy in this field ('arousal as a monolithic force, exclusively' versus 'arousal completely fragmented into many subordinate neural states'), we devised a theoretical equation to show CNS arousal as a compound, increasing function of a global arousal force (which accounts for about one-third of the data) supplemented by specific arousal states (Garey et al. 2003) . In the mammalian brain, arousal control pathways are always present in the following form: bilateral, bidirectional, universal response-potentiators (BBURP theory) (Pfaff 2005) . These primitive pathways constitute the most elementary substrate upon which hormonerelated gene products can act, eventually to influence reproductive and other behaviours. In terms of functional genomics, null mutations of the ER-alpha gene drastically reduced generalized arousal, while null mutations of ER-beta had no significant effect (Garey et al. 2003) . Manipulation of a different transcript gives a different set of results. Using locked nucleic acid oligomers to construct antisense-DNA molecules directed against mRNA for prostaglandin D synthase, we microinjected these antisense oligos into the lateral preoptic area and significantly increased measures of arousal (Mong et al. 2003) . Thus, we now have the capacity to analyse hormonal and genetic mechanisms of the fundamental, elementary arousal which underlies all mammalian behaviour.
The effects of noradrenaline and histamine to increase the rates of electrical discharge of neurons in the ventromedial nucleus of the hypothalamus (responsible for lordosis behaviour) show examples of 'global arousal'-related compounds affecting specific arousal states. In the reverse direction, specific arousal forces can affect global arousal. Oestrogens heighten arousal (Morgan et al. 2004) , with the particular behavioural consequence depending on the environmental context. Regarding autonomic arousal, oestrogen treatment effectively destroys cross-correlations among arousal measures, effectively adding to the informational capacity of the system (Stavarache et al. 2005, unpublished 
observations).

Future perspectives
Looking forward to the further development of hormone/ behaviour scholarship, at least three perspectives come to mind. First, we certainly can expect to gain extremely detailed mechanistic understanding of hormone actions on neurons and glia (a) at the level of the membrane, (b) in terms of signal transduction routes, and (c) in terms of genomic effects of hormones.
Secondly, these different levels of hormone actions will no longer be seen as exclusive alternatives to each other. Already, we know that membrane-limited actions of oestrogens can potentiate later, transcriptional actions (Vasudevan et al. 2001b) , in a manner relevant to the facilitation of lordosis behaviour (Kow & Pfaff 2005) . This type of study is likely to launch a field of work which elucidates how different types of action of a given hormone relate to each other.
Thirdly, there will be a massive change in how hormone actions in the CNS will be interpreted. The neurobiology of the twentieth century could be characterized as a hunt for specificity. The paradigmatic question was this: 'How does this particular stimulus (and no others) evoke this particular response (and no others)?' During the twentyfirst century, we will strive to understand how behaviourally relevant hormone actions in the CNS cause changes in CNS states. These will encompass and facilitate entire classes of responses and be scientifically powerful statements in the sense of explaining whole sets of behaviours efficiently. An early example of this trend can be found in our initial analyses of hormone-influenced arousal mechanisms. One of our own next steps will be to analyse and quantify how global arousal affects specific arousal states and vice versa. I hypothesize that there are quantitative trading relations among arousal mechanisms which are influenced by hormones: sex hormones, stress hormones and thyroid hormones at least. While, for experimental precision and ease of genetic manipulations, these studies must be carried out in mice, they are likely to shed light on neuroendocrine contributions to the formation of human temperaments, long-lasting personality dispositions which underlie many of our biologically regulated behaviours. 
